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SECTION  I 


INTKODUCTION 


The  design  and  analysis  of  airport  pavements  is  based  on 
static  wheel  loads.  But  measurements  of  landing  gear  forces 
during  various  aircraft  modes  of  operation  have  shown  that  pave¬ 
ments  are  subjected  to  dynamic  loads  of  higher  magnitude  than  the 
static  load.  Traditionally,  because  of  the  relatively  slow 
response  of  pavement  materials,  these  higher  magnitude  dynamic 
loads  were  neglected  in  pavement  design.  Field  observations  have 
reinforced  the  use  of  static  load  for  pavement  design.  Areas  of 
airfield  pavements  subjected  to  static  and  low  speed  modes  of 
aircraft  operation  generally  show  more  distress  than  areas  of 
runways  limited  to  medium  and  highspeed  aircraft  operations. 

The  objective  of  the  Air  Force's  Rapid  Runway  Repair  program 
is  to  provide  a  50  ft  by  5,000  ft  section  of  operational  runway 
as  rapidly  as  possible.  Rapid  bomb  damage  repair  techniques  are 
being  developed  to  meet  this  objective.  Because  of  the  limited 
length  of  the  repaired  runway,  it  is  unlikely  that  it  will  be 
subjected  to  static  aircraft  loadings.  For  this  reason  the 
structural  design  and  analysis  of  rapid  runway  repairs  are  based 
on  the  results  of  field  tests  using  an  aircraft  load  cart  at 
creep  speeds  of  about  2  to  3  mph  (1). 

Because  of  the  time  constraints  for  rapid  runway  repair,  the 
repaired  runway  section  will  have  considerably  more  surface 
roughness  than  conventionally  constructed  airport  pavements. 

This  increased  surface  roughness  will  yield  unusually  high  magni¬ 
tude  dynamic  loads  during  various  aircraft  modes  of  operation  - 
up  to  2.5  times  the  static  wheel  load  for  main  landing  gears  and 
even  higher  for  the  nose  gear.  Current  research  efforts  in  the 
Air  Force  Bomb  Damage  Repair  program  concentrate  on  the  effects 
of  these  high  magnitude  dynamic  loadings  to  the  aircraft 
structure,  aircraft  payload,  and  pilot  performance.  The  response 
of  the  pavement  to  these  high  magnitude  dynamic  loads,  however, 
must  also  be  investigated. 

Specifically,  the  structural  adequacy  of  the  repaired  runway 
subjected  to  medium  and  high  speed  aircraft  taxi  modes  must  be 
evaluated  from  the  results  of  field  tests  using  load  carts  at 
creep  speeds. 

The  problem  is:  most  field  test  programs  conducted  to  eva¬ 
luate  the  performance  of  airfield  pavements  have  been  limited  to 
static  and  creep-speed  loadings;  field  tests  which  have  included 
higher  aircraft  speeds  have  been  limited  to  relatively  smooth 
surfaces  and  therefore  high  magnitude  dynamic  loads  were  not 
encountered;  and,  field  testing  on  rough  surfaces  (bomb  damaged 
repaired  runways)  has  for  the  most  part  been  limited  to  aircraft 
response. 
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The  purpose  of  this  report  is  to  develop  an  approach  to  pre¬ 
dict  the  performance  of  rapid  runway  repairs  subject  to  high 
magnitude  dynamic  aircraft  loads  caused  by  the  unusual  surface 
roughness  of  rapidly  repaired  runways. 

Because  of  time  limitations  and  the  broad  scope  of  the  topic, 
this  study  is  confined  to  the  following  objectives: 

1.  Review  the  results  of  recent  field  tests  addressing  the 
response  of  airfield  pavements  to  dynamic  loads. 

2.  Define  an  analytical  approach  for  evaluating  the  perfor¬ 
mance  of  airfield  pavements  subject  to  high  magnitude 
dynamic  loading. 

3.  Describe  pavement  stresses  as  a  function  of  time  due  to 
moving  wheel  loads. 

4.  Discuss  the  dynamic  behavior  of  pavement  materials. 
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SECTION  II 


RECENT  FIELD  TESTING 


Because  of  growing  concern  over  detrimental  effects  of  dyna¬ 
mic  loads  of  airport  pavements,  the  Federal  Aviation 
Administration  (FAA)  sponsored  a  study  entitled  "Aircraft  Dynamic 
Wheel  Load  Effects  on  Airport  Pavements"  by  Wignot,  et  al  dated 
May  1970  (Reference  2).  The  study  included  analysis  of  both 
aircraft  and  pavement  dynamic  responses  and  scaled  pavement 
tests. 

This  initial  FAA  study  raised  many  questions  concerning  the 
response  of  pavement  to  dynamic  loads.  As  a  result,  the  FAA 
sponsored  an  extensive  experimental  study  conducted  by  the  US 
Army  Engineer  Waterways  and  Experiment  Station  (WES)  during  the 
period  from  May  1971  to  January  1975  and  described  in  a  three- 
volume  report  entitled  "Pavement  Response  to  Aircraft  Dynamic 
Loads"  (References  3,  4,  and  5).  The  purpose  of  this  study  was  to 
determine  the  relationship  between  responses  of  flexible  and 
rigid  runway  pavements  to  static  and  dynamic  loads.  The  study 
used  data  from  instrumented  B-727  and  C-880  aircraft  on  instru¬ 
mented  sections  of  both  flexible  and  rigid  pavements. 

In  addition  to  static  tests,  the  WES  investigation  dealt  with 
a  number  of  aircraft  modes  of  operation.  Both  aircraft  and  pave¬ 
ment  measurements  were  recorded  during  creep-,  slow-,  medium-,  and 
high-speed  taxiing,  high-speed  braking,  high-speed  braking  with 
reverse  thrust,  takeoff  rotation,  touchdown,  and  turning. 

For  the  study,  gages  were  installed  in  flexible  and  rigid 
pavement  test  sections  to  measure  pavement  responses  to  dynamic 
loads  in  the  form  of  relative  displacements  and  pressures  at 
various  depths  and  locations  within  the  pavement  structure.  A 
total  of  162  gages  were  installed  in  the  flexible  test  section, 
and  153  gages  were  installed  in  the  rigid  pavement  section.  A 
series  of  tests  were  conducted  on  both  pavement  sections  during 
cold  weather  when  the  pavement  surface  layer  temperatures  ranged 
from  35"  to  55"F;  an  additional  series  of  tests  were  conducted 
on  the  flexible  pavement  test  section  during  hot  weather  when 
the  pavement  surface  layer  temperatures  ranged  from  84"  to 
116"F. 

The  interpretation  of  results  relied  on  separating  the  data 
into  an  elastic  phase  and  an  inelastic  phase.  Inelastic 
displacements  are  residual  displacements  remaining  after  the  wheel 
had  passed.  If  loads  were  repeatedly  applied  on  the  same  wheel 
path,  the  pavement  would  become  conditioned  and  the  inelastic 
displacements  would  be  permanent  after  a  few  initial  repeated 
loadings.  However,  aircraft  traffic  loading  is  randomly 
distributed;  in  actual  use,  airfield  pavements  never  become 


totally  conditioned  and  therefore  Inelastic  displacements  are  not 
permanent  but  occur  continuously  throughout  the  life  of  the 
pavement.  For  this  reason,  the  WES  tests  used  a  distributed 
traffic  pattern  as  does  the  rapid  runway  repair  testing  at 
Tyndall  Air  Forced  Base,  Florida. 

Figure  1  summarizes  the  results  of  the  taxi  tests  at  various 
aircraft  velocities  for  both  rigid  and  flexible  pavements.  The 
maximum  elastic  and  Inelastic  surface  displacements  are  shown 
separately. 

Uie  elastic  displacements  for  rigid  pavement  and  for  flexible 
pavement  at  cold  temperatures  remain  relatively  constant,  being 
Independent  of  aircraft  speed.  Elastic  displacements  for  the 
flexible  pavement  at  higher  temperatures,  however,  decrease 
considerably  as  aircraft  velocity  Increases  for  velocities  below 
35  knots.  This  elastic  response  of  pavements  relative  to 
aircraft  speed,  type  of  material,  and  for  asphalt,  material  tem¬ 
perature  correlates  well  with  elastic  material  properties.  The 
modulus  of  elasticity  of  concrete  changes  little  with  rate  of 
loading.  The  complex  modulus  of  asphalt,  however,  varies  with 
the  frequency  of  the  applied  load  and,  therefore,  with  rate  of 
duration  of  loading;  as  the  frequency  Increases,  the  modulus 
increases.  For  asphalt  concrete  at  low  temperatures,  frequency 
has  much  less  effect  on  the  modulus  whereas  at  high  temperatures, 
the  modulus  Increases  substantially  with  an  increase  in 
frequency.  Material  behavior  Is  discussed  in  more  detail  in 
Section  VI  of  this  report. 

Figure  1  shows  that  the  rigid  pavement  had  little  Inelastic 
behavior.  Therefore,  predicting  the  response  of  rigid  pavement 
to  aircraft  at  various  speeds  from  pavement  response  to  creep- 
speed  loads  simplifies  to  an  elastic  analysis  providing  the  proper 
elastic  material  properties  are  used  in  the  analysis. 

From  Figure  1,  flexible  pavement  shows  considerable  Inelastic 
behavior,  especially  at  the  higher  temperature.  However,  since 
this  Inelastic  behavior  decreases  rapidly  with  aircraft  velocity, 
an  elastic  analysis,  with  appropriate  material  properties,  can  be 
used  to  predict  the  response  of  flexible  pavements  for  various 
aircraft  speeds  based  on  the  results  of  creep  speed  taxi  tests. 
Heukelom  and  Klorap  (Reference  6)  states  the  Road  Research 
Laboratory  concluded  that  flexible  roads  behave  elastically  under 
vehicles  moving  at  speeds  exceeding  15  mph,  and  probably  also  at 
lower  speeds. 

The  WES  study  showed  that  "...  no  basic  aircraft  ground 
operating  mode  Induced  pavement  responses  (elastic  plus 
Inelastic)  greater  than  those  occurring  for  static  load 
conditions...".  However,  the  flexible  and  rigid  runways  used  for 
the  Investigation  were  relatively  smooth.  The  vertical  gear 
loads  varied  from  .45  to  1.25  times  the  static  load  for  creep 
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through  high  speed  taxi  modes  for  the  flexible  hot  weather  tests. 
For  the  cold  weather  tests,  main  and  nose  gear  loads  varied  from 
.55  to  1.20  times  the  static  load  for  flexible  pavement  and  .35 
to  1.25  times  the  static  load  for  rigid  pavement. 

The  Air  Force  is  currently  conducting  an  extensive  field  test 
program  referred  to  as  "Have  Bounce”  (Reference  7),  The  Have 
Bounce  program  utilizes  instrumented  F-4E  aircraft  operating  at 
various  speeds  on  runways  repaired  with  various  configurations  of 
AM-2  mats.  The  repaired  runway  has  unusually  high  surface  rough¬ 
ness  since  the  top  surface  of  the  mats  are  about  1  1/2  inches 
above  the  pavement  surface.  A  short  ramp  is  used  for  the  tran¬ 
sition  from  pavement  surface  to  mat  surface. 

Preliminary  data  from  the  first  phase  of  the  Have  Bounce 
testing  program  indicates  that  the  vertical  dynamic  main  gear 
loads  are  as  much  as  2.5  times  the  static  aircraft  weight  because 
of  the  increased  surface  roughness.  Nose  gear  loads  were  as  high 
as  3  times  the  static  main  gear  loads,  but  since  static  nose  gear 
loads  on  the  pavement  are  considerably  less  than  main  gear  loads, 
main  gear  loads  are  the  critical  loads  for  design.  Although  the 
WES  study  did  not  investigate  high  magnitude  dynamic  loads, 
Ledbetter  concludes: 

"The  larger  than  static  load  response  that  could  occur 
should  be  entirely  elastic  and  should  not  be  detrimental 
to  the  pavement  structure  except  by  contributing  to  an 
increase  in  elastic  fatigue  damage."  (Reference  5,  Page 
90) 

But  the  above  conclusion  is  based  on  test  results  of  conven¬ 
tionally  constructed  airfield  pavements.  Rapid  runway  repairs 
differ  from  conventional  pavements,  however,  in  that  repair  tech¬ 
niques  do  not  provide  for  sufficient  compaction  of  the  subgrade 
in  the  repaired  area.  Therefore,  high  magnitude  loads  at  faster 
aircraft  speeds  may  produce  larger  inelastic  displacements  than 
inelastic  displacements  resulting  from  creep-speed  load  cart 
tests. 

The  high  magnitude  dynamic  loads  resulting  from  surface 
roughness  are  not  constant  but  rather  periodic.  Preliminary  data 
from  the  Have  Bounce  investigation  showed  main  gear  loads  had  a 
frequency  between  1.8  to  about  2.03  hertz.  The  frequency  varied 
with  aircraft  gross  weight  but  was  relatively  independent  of 
aircraft  velocity. 

A  similar  type  of  oscillation  was  noted  by  Yang  during  creep- 
speed  load  cart  tests  at  Newark  Airport  (Reference  8).  The 
instrumented  test  pavement  consisted  of  asphalt  concrete  on 
various  granular  bases.  The  fundamental  frequency  of  the  loading 
vehicle  simulating  a  Boeing  747  ranged  from  1.6  to  2.0  hertz. 
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A  frequency  of  about  2  hert'4  was  visually  observed  for  the 
F-4  load  cart  used  for  rapid  runway  repair  field  testing  at 
Tyndall  Air  Force  Base.  The  F-4  load  cart  used  at  Tyndall,  as 
well  as  the  load  cart  used  for  the  Newark  testing,  had  no  shock 
absorber  except  the  damping  of  the  pneumatic  tires. 


SECTION  III 


DYNAMIC  ANALYSIS  OF  PAVEMENT 


There  are  many  failure  criteria  used  in  the  evaluation  of 
airfield  pavements,  but  for  structural  analysis  of  pavement 
systems,  material  failure  is  the  only  controlling  factor*.  It 
must  be  emphasized,  however,  that  material  failure  in  itself  does 
not  constitute  failure  of  the  pavement  system.  Material  failure 
as  pavement  failure  criteria  may  be  too  conservative  for  conven¬ 
tionally  constructed  pavements  since  a  cracked  pavement  may  be 
acceptable  to  the  user,  provided  the  riding  surface  is 
satisfactory.  Parker,  et  al  (Reference  9)  report  that  rigid 
pavements  with  high-strength  foundations  continued  to  satisfac¬ 
torily  carry  loads  after  cracking,  but  that  rigid  pavements  with 
low-strength  foundations  developed  multiple  cracking  and  dif¬ 
ferential  displacements  (increased  surface  roughness)  soon  after 
initial  cracking.  Because  most  rapid  runway  repair  methods  being 
considered  involve  low-strength  foundations,  the  use  of  material 
failure  is  probably  more  realistic  than  for  conventionally 
constructed  pavements. 

From  the  standpoint  of  structural  analysis  of  pavements,  the 
two  material  failure  criteria  currently  used  are  rupture  failure 
due  to  a  few  loads  of  excessive  magnitude  and  fatigue  failure  due 
to  repeated  loads.  Because  of  the  unusual  surface  roughness  of 
rapidly  repaired  runways,  the  pavement  would  be  subjected  to 
repeated  high  magnitude  loads  and,  therefore,  pavement  evaluation 
should  be  based  on  fatigue  failure  rather  than  rupture  failure. 
Specifically,  stresses  and  strains  within  the  pavement  structure 
should  be  compared  with  limiting  fatigue  values  which  are  based 
on  the  expected  number  of  load  repetitions.  Assuming  inelastic 
pavement  response  plays  a  minor  role  in  the  dynamic  response  of 
pavements,  an  elastic  analysis  can  be  used  to  determine  the  pave¬ 
ment  stresses  and  strains. 

The  problem  of  computing  dynamic  stresses  and  strains  due  to 
a  moving  wheel  load  has  been  solved  for  a  plate  on  a  Winkler 
foundation  and  for  a  plate  on  an  elastic  half space  (Reference  2). 
But  even  with  the  sophisticated  computational  techniques 
currently  available,  the  solution  of  the  problem  requires  a 
number  of  simplifying  assumptions  regarding  structural  behavior 
and  material  properties. 

Another  approach  to  determine  dynamic  pavement  response  is  to 
simplify  the  dynamic  load  by  treating  it  as  a  static  load  and 
using  dynamic  material  properties  for  the  analysis.  With  this 
approach,  more  realistic  results  are  obtained  since  material  pro¬ 
perties  and  structural  behavior  can  be  more  accurately  modeled. 
The  main  objection  to  using  a  static  analysis  with  appropriate 
dynamic  material  properties  is  that  inertia  effects  are  ignored. 
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Mass  and  damping  effects  have  generally  been  neglected  in  pave¬ 
ment  design  since  only  high  speed  or  high  frequency  dynamic  loads 
would  cause  inertia  effects  to  influence  dynamic  pavement 
response . 

Heukelom,  Klomp,  and  Foster  have  studied  the  Influence  of 

!ass  and  damping  of  pavement  systems  on  the  dynamic  response  of 
ighway  pavements  (References  6,  10,  and  11).  They  found  that 
ass  and  damping  hardly  have  any  influence  on  the  stresses  which 
re  generated  in  a  pavement  on  a  good  subgrade  (i.e.,  excluding 
peat)  under  actual  traffic  loading.  Consequently,  they  conclude 
that  the  application  of  static  theories  is  Justified  provided 
that  dynamic  values  of  the  material  properties  are  used. 

The  PAA-sponsored  study  (Reference  2)  included  an  analysis  of 
mass  effects  on  airfield  pavements  which  showed  that  inertia  forces 
at  taxi  speeds  as  high  as  230  mph  have  little  influence  on 
dynamic  pavement  response.  The  study  also  concludes  that  if  the 
dynamic  load  has  a  frequency  below  about  10  hertz  (aircraft  taxi 
mode  loadings  generally  have  frequencies  ranging  between  1  and  5 
hertz),  inertia  effects  are  negligible. 

Considering  the  approximations  made  for  input  data  required 
for  pavement  analysis,  it  can  be  concluded  that  variations  of 
mass  and  damping  effects  have  little  influence  on  the  accuracy  of 
results. 

In  summary,  the  dynamic  performance  of  pavements  can  be  eval¬ 
uated  by  using  the  expected  maximum  magnitudes  of  dynamic  loads 
as  static  loads  and  performing  a  conventional  static  analysis 
using  appropriate  dynamic  material  properties.  This  approach 
makes  use  of  finite  element  computer  programs,  such  as  the  Air 
Force  computer  code  PREDICT  (Reference  12),  which  have  been  devel¬ 
oped  for  pavement  analysis  (PREDICT  has  the  potential  for  doing 
a  complete  dynamic  analysis  which  includes  inertia  effects,  but 

this  part  of  the  program  has  not  been  developed).  The  resulting 
tresses  and  strains  from  such  an  analysis  would  then  be  compared 
o  limiting  fatigue  values  which  take  into  account  dynamic 
oading. 
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SECTION  IV 


PAVEMENT  STRESS  VARIATION  AS  A  FUNCTION  OP  TIME  FOR  DYNAMIC  LOADS 


Although  the  response  of  pavement  is  not  very  sensitive  to 
mass  and  damping  effects ,  the  response  Is  sensitive  to  material 
properties  Which,  In  turn,  depend  on  duration  of  load  and  rate  of 
loading.  Before  material  properties  can  be  discussed,  therefore, 
pavement  stress  as  a  function  of  time  must  be  described  for  a 
pavement  subjected  to  a  moving  wheel  load  of  osclllatlng^ 
magnitude. 

Pavement  stress  variation  with  time  can  be  determined  by 
visualizing  the  stress  distribution  due  to  a  static  load  as 
moving  through  the  pavement  with  time.  For  example.  Figure  2(B) 
shows  the  stress  distribution  which  would  be  expected  for  hori¬ 
zontal  stress  at  the  bottom  of  a  rigid  pavement  slab  due  to  a 
static  wheel  load.  Assume  the  stress  distribution  can  be 
approximated  with  a  half  cosine  function: 

^x  “‘^o  cos  —2 —  X  (1) 

A 

for - —  <  X  <  — ^ 

2  2 

Where  «  maximum  stress  directly  under  the  wheel 

^  =  half  the  wave  length  In  feet  (the  distance 
between  points  of  inflection  of  the  slab) 

X  =  distance  In  feet 

Ihe  stress  distribution  could  be  more  accurately  described  by  a 
Fourier  series,  but  for  purposes  of  this  report,  the  above 
approximation  Is  sufficient. 

The  half-wavelength,  as  defined  for  this  report-.  Is  the 
distance  between  points  of  Inflection  of  the  slab  and  Is  a  func¬ 
tion  of  the  characteristic  length  (plate  rigidity  and  subgrade 
stiffness  (Reference  8  and  13))  of  the  plate  and  the  dimensions 
of  the  tire  footprint.  Since  the  dynamic  response  of  the  tire  Is 
relatively  Instantaneous  (tire  pressure  remains  constant)  the 
tire  footprint  dimensions  will  be  a  function  of  aircraft  landing 
gear  configuration  and  magnitude  of  the  wheel  load.  Trial  runs 
using  the  Air  Force  computer  code  PREDICT  gave  values  for  X  of 
between  2  and  20  feet  for  an  F-M  aircraft  at  various  subgrades. 

The  reason  for  such  a  large  variation  of  X  is  because  the  aircraft 
gross  wel^t  was  varied  from  static  wei^t  (27  kips)  to  three 
times  the  static  weight  (81  kips).  Yang  (Reference  8)  observed 
the  distance  between  points  of  Inflection  to  be  ^  feet  for 
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various  thicknesses  of  asphalt  concrete  pavements  on  different 
bases.  Ullldtz  (Reference  22)  approximates  the  half-wavelength 
for  flexible  pavement  as  the  footprint  length  plus  the  thickness 
of  asphalt  concrete. 

The  Important  point  Is  that  the  half-wavelength,  X,  and  the 
maximum  stress,  o  ,  directly  under  the  vriieel  can  be  determined 
from  a  static  stress  analysis  of  the  pavement  structure*  As  will 
be  shown,  this  is  all  that  is  needed  to  describe  the  stress  as  a 
function  of  time. 

For  a  moving  vdieel  load,  the  static  stress  dlstrlbtulon  can 
be  visualized  as  moving  through  the  pavement  system  with  time; 
i.e.,  for  a  given  point,  such  as  point  A  shown  In  Figure  2(C), 
the  stress  will  vary  with  time  as  shown  In  Figure  2(D).  Actually, 
because  of  horizontal  forces  induced  by  moving  wheel  loads,  the 
stress  variation  with  time  curve  would  be  nonsymmetrlc;  this 
effect  Is  not  Included  In  a  static  stress  analysis,  but  the 
problem  Is  that  the  sophisticated  computer  codes  currently 
available  are  limited  to  axisymraetric  loading. 

To  transform  stress  as  a  function  of  distance  to  stress  as  a 
function  of  time,  assume  constant  velocity  (aircraft  acceleration 
would  cause  negligible  nonsymmetry  In  the  stress  as  a  function  of 
time  curve).  'Ihen 

V  —  (2) 

t 

where  V  »  aircraft  velocity  in  ft/sec 
t  »  time  In  sec 

and 

*  a^cos  ■  t  (3) 

for  - ^ —  <  t  <  +  — 

2v  2v 

Where  a  =  maximum  stress  as  t  »  0,  i.e.,  when  the 
wheel  load  Is  directly  over  Point  A 

The  duration  of  load  (for  this  report,  the  duration  of  the 
main  stress  pulse  will  be  referred  to  as  the  duration  of  load)  Is 
simply  one-half  the  period,  or 


2  V 

Only  a  constant  load  has  been  used,  but  as  stated  earlier, 
for  rough  surfaces  the  load  la  periodic.  The  stress  under  the 
wheel  load,  o  is  a  function  of  time  as  shown  In  Figure  3(A). 
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Pavement  Stress  as  a  Function  of  Time  Due  to  a  Periodic  Moving  Wheel  Load 


1 


Pop  the  critical  case  urtien  the  periodic  load  Is  a  maximum  at  t  » 
0,  l.e.,  when  the  maximum  wheel  load  Is  directly  over  point  A, 
can  be  expressed  by 

oq  =  Os  +  o'  cos  2irft  (5) 

Where  o_  ®  stress  due  to  static  aircraft  load 
s 

a’  *  additional  Increase  or  decrease  of 
stress  with  time 

f  »  frequency  of  wheel  load 

Ihe  stress  variation  with  time  for  point  A  is  then: 

®  (°s  +o*cos  2Trft)  cos  - t  (6) 


for 


<  t  <  +  "■  ^  ■ 

2v 


Inspection  of  Equation  (6)  shows  that  the  duration  of  load  is 
the  same  as  for  Equation  (3)  and  as  calculated  in  Equation  (4). 

As  shown  In  Figure  3,  the  terra  In  parenthesis  in  Equation  (6) 
merely  alters  the  wave  shape  of  the  stress  as  a  function  of  time 
curve.  For  medium  and  high  aircraft  speeds,  2^T  will  be  less 
than  and  the  change  In  wave  shape  becomes  negligible. 
Ihepefore,  little  error  Is  Introduced  If  Equation  (3)  is  used, 
provided  that  the  maximum  stress  resulting  from  the  maximum 
magnitude  dynamic  load  Is  used  for  l.e., 


Tl  V 

Ot  =  OoCOS  —J-  t 


(3) 


vAiere  <^0  =  ®s  +  a* 


To  determine  the  rate  of  loading,  the  first  derivative  of 
stress  as  expressed  In  Equation  (3)  would  be  taken  with  respect 
to  time.  However,  since  the  rate  of  stress  application  changes 
with  time,  this  Is  not  a  good  parameter  to  work  with.  If  the 
waveshape  and  duration  of  loading  are  used  for  determining 
material  properties,  then  the  rate  of  loading  will  be  auto¬ 
matically  Incorporated. 
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SECTION  V 

DYNAMIC  RESPONSE  OF  PAVING  MATERIALS 


The  structural  adequacy  of  pavement  subjected  to  high  magni¬ 
tude  loads  at  medium  and  high  aircraft  speeds  must  be  evaluated 
on  the  basis  of  results  from  creep-speed  field  tests.  As 
aircraft  speed  increases  the  average  rate  of  loading  increases 
and  duration  of  load  decreases.  The  purpose  of  this  section  is 
to  determine  the  influence  of  rate  of  loading  and  duration  of 
load  on  the  elastic  properties  and  the  fatigue  life  of  pavement 
materials. 

There  is  an  enormous  amount  of  literature  available  on  the 
dynamic  behavior  of  pavement  materials.  This  section  is  by  no 
means  a  complete  review  of  the  literature;  however,  it  does  pro¬ 
vide  a  guide  for  selecting  appropriate  dynamic  material  proper¬ 
ties  for  dynamic  pavement  evaluation. 

1.  PORTLAND  CEMENT  CONCRETE 

Most  materials  when  loaded  have  a  time-dependent  response,  and 
concrete  is  no  exception.  The  work  of  several  investigators  on 
the  effects  of  rate  of  loading  on  the  behavior  of  concrete  was 
reviewed  by  McHenry  and  Shideler  (Reference  14).  Figure  4  shows 
the  influence  of  rate  of  loading  on  the  modulus  of  elasticity  and 
indicates  that  the  modulus  increases  with  an  increasing  rate  of 
loading.  The  lower  values  of  moduli  at  slower  rates  of  loading 
were  attributed  to  creep  of  the  concrete. 

For  pavements  subjected  to  moving  wheel  loads,  the  rate  of 
loading  varies  as  a  function  of  time.  If  the  average  rate  of 
loading  is  approximated  from  the  maximum  stress  divided  by  one- 
half  the  duration  of  loading,  as  expressed  in  Equation  (4),  the 
the  expected  rate  of  loading  due  to  a  moving  wheel  load  would 
range  from  about  900  to  44,000  psi/sec  (assuming  maximum  stress 
equals  500  psi,  the  half-wavelength  is  5  ft,  and  aircraft  velo¬ 
city  varies  from  3  to  150  mph) .  From  Figure  4 ,  a  10  percent 
increase  for  the  modulus  of  elasticity  of  PCC  might  be  expected 
for  high  aircraft  velocities.  But  since  the  rate  of  loading 
varies  with  time  and,  in  fact,  approaches  zero  at  the  higher 
stress  levels,  the  increase  in  modulus  as  aircraft  velocity 
increases  from  creep  to  high  speed  would  be  considerably  less 
than  10  percent.  Considering  the  variation  of  modulus  of  elasti¬ 
city  with  other  factors  (mix  proportions,  aggregate  properties, 
and  type  of  test  used  to  determine  the  modulus),  the  relatively 
small  increase  in  modulus  which  could  be  expected  as  a  result  of 
high  speed  wheel  loads  is  negligible. 

Chou's  (Reference  15)  review  of  pavement  materials  indicates 
that  Poisson's  ratio  of  PCC  has  a  range  of  about  0,11  to  0,22 
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wh<}n  dete  rml  n«;<i  from  static  Li^sts,  and  the  results  ot  dynamic 
tests  averaged  about  0.24.  tlinc*.*  Poisson's  ratio  ol’  PCC  iias  very 
little  effect  on  the  response  of  rigid  pavements,  using  a  value 
of  0.2,  which  is  generally  used  for  traditional  static  analysis, 
seems  reasonable  for  dynamic  analysis  as  well. 

The  compressive  strength,  tensile  strength,  and  modulus  of 
rupture  of  PCC  increase  with  an  increase  in  rate  of  loading. 
Cowell  (Reference  16)  found  that,  for  a  rate  of  loading  of 
100,000  psi/sec,  the  compressive  strength  increase  ranged  from  10 
percent  to  30  percent,  depending  on  mix  proportions  and  maturity 
of  the  concrete,  as  compared  with  the  static  strength.  Similarly 
the  increase  in  tensile  strength  ranged  from  30  percent  to  50 
percent  for  a  loading  rate  of  100,000  psi/sec.  Results  of  impact 
1  ests  on  PCC  by  Lundeen  (Reference  17  and  18)  showed  an  average 
ratio  of  dynamic  to  static  strength  of  1.36  for  compression,  1.74 
'or  tension,  and  2.46  for  modulus  of  rupture.  A  rupture  failure 
<f  concrete  from  high  magnitude  loads  at  medium  and  high  aircraft 
speeds  seems  unlikely. 

Since  the  compressive,  tensile,  and  rupture  strengths  of 
concrete  vary  with  rate  of  loading,  it  would  seem  that  fatigue 
performance  would  also  be  time-dependent.  Chou  (Reference  15)  , 
summarizing  the  results  of  several  studies,  indicates  that  fre¬ 
quencies  of  the  repeated  load  (and  hence  rate  of  loading)  between 
70  to  900  repetitions  per  minute  had  no  effect  on  fatigue 
strength,  but  frequencies  as  low  as  10  repetitions  per  minute  may 
result  in  slightly  lower  fatigue  lives.  The  load  pulse  asso¬ 
ciated  with  ten  repetitions  per  minute  corresponds  to  the  load 
pulse  of  an  aircraft  at  creep  to  slow  taxi  speeds. 

The  type  of  repeated  loading  used  in  fatigue  tests  may  simu¬ 
late  traffic  loading  on  highway  pavements,  but  the  type  of 
repeated  loading  on  airport  pavements  is  quite  different.  For 
airport  pavements  subjected  to  aircraft  taxi  loads,  loading  is  of 
short  duration  but  very  low  frequency,  i.e.,  the  loading  cycle  is 
made  up  of  a  short  load  pulse  followed  by  a  relatively  long  rest 
period.  Chou  (Reference  15)  reports  of  fatigue  testing  which 
included  periodic  rest  periods,  i.e.,  a  rest  period  of  1,  5,  10, 
etc.  minutes  after  every  4500  load  repetitions.  In  general,  it 
was  found  that  rest  periods  were  beneficial.  A  five-minute  rest 
period  resulted  in  a  10  percent  increase  in  fatigue  strength; 
longer  rest  periods  did  not  yield  any  further  increase  in  fatigue 
strength,  but  shorter  rest  periods  did  show  smaller  increases. 

I  Fatigue  tests  which  include  an  appropriate  rest  period  within 
each  loading  cycle  were  not  found  in  the  literature.  Fatigue 
performance  may  be  quite  different  if  a  rest  period  were  included 
In  each  load  cycle. 

In  conclusion,  the  elastic  constants  for  concrete  to  be  used 
in  an  analysis  of  the  response  of  pavement  to  moving  wheel  loads 
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should  be  the  same  as  those  currently  used  for  a  traditional  sta¬ 
tic  analysis.  Also,  based  on  the  current  literature,  no  increase 
in  fatigue  strength  can  be  assumed  for  concrete  pavements  sub¬ 
jected  to  dynamic  loads.  Fatigue  testing  should  be  done, 
however,  to  determine  if  the  fatigue  performance  of  concrete  is 
improved  when  the  repeated  load  cycle  includes  an  appropriate 
rest  period. 

2 .  POLYMER  CONCRETE 

Since  polymer  concrete  is  a  relatively  new  material,  there  is 
little  literature  available  on  the  dynamic  behavior  of  the 
material.  Creep  tests  have  shown  that  the  behavior  of  polymer 
concrete  is  more  time-dependent  than  PCC  (Reference  19)  and 
therefore  the  modulus  of  elasticity  should  be  determined  using 
dynamic  methods.  The  effect  of  rate  of  loading  on  the  modulus  of 
rupture  of  polymer  concrete  is  also  needed  as  well  as  fatigue 
testing  incorporating  various  load  durations  and  rest  periods. 

3 .  ASPHALT  CONCRETE 

Although  asphalt  concrete  is  not  currently  being  considered 
for  rapid  runway  repairs,  runways  which  may  have  to  be  repaired 
are  asphalt  concrete  or  have  asphalt  concrete  overlays.  The  un¬ 
damaged  portions  of  the  runway  surrounding  the  repairs  will  be 
subjected  to  high  magnitude  dynamic  loads  due  to  increased  sur¬ 
face  roughness. 

Unlike  PCC,  the  stiffness  of  asphalt  concrete  changes  drama¬ 
tically  with  dynamic  loadings.  The  response  of  asphalt  concrete 
can  be  separated  into  a  time-dependent  component  and  an  instan¬ 
taneous  component.  For  short  duration  dynamic  loads,  the  response 
is  primarily  elastic. 

Green  (Reference  20)  reports  of  several  studies  which  showed 
that  the  elastic  modulus  of  asphalt  concrete  wearing  surfaces  is 
highly  dependent  on  loading  frequency.  For  example,  at  loading 
frequencies  of  1,  4,  and  16  hertz,  the  moduli  were  370,000, 
570,000,  and  770,000  psi ,  respectively.  There  are  a  number  of 
nomographs  available  to  determine  the  stiffness  of  asphalt 
concrete  for  various  loading  times  (References  6,  15,  and  21). 

No  information  could  be  found  for  the  effects  of  rate  and 
duration  of  loading  on  Poisson's  ratio.  However,  Poisson's  ratio 
of  the  asphalt  concrete  surface  layer  has  little  influence  on  the 
response  of  flexible  pavements. 

The  fatigue  life  of  asphalt  concrete  depends  on  the  rate  of 
loading,  duration  of  load,  loading  frequency,  and  the  inclusion 
of  a  rest  period  in  the  loading  cycle.  These  variables  are 
interdependent;  therefore,  it  is  difficult  to  discuss  the  effects 
|i  "  of  each  of  them  individually.  The  most  recent  literature  review 
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on  the  fatigue  life  of  asphalt  concrete  is  that  by  Decker 
(Reference  21 ) . 


The  loading  waveform  used  for  fatigue  testing  has  an 
influence  on  fatigue  life.  Decker  reports  that  specimens  sub¬ 
jected  to  a  square-waveform  loading  had  less  than  one-half  the 
fatigue  life  of  identical  specimens  loaded  sinusoidally,  whereas 

?he  use  of  a  triangular  waveform  loading  resulted  in  a  45  percent 
ncrease  in  fatigue  life  as  compared  to  sinusoidal  loading. 
Frequency  and  maximum  stress  amplitude  were  held  constant  for  the 
test.  The  square-waveform  loading  has  the  fastest  rate  of 
loading,  but  the  maximum  stress  is  applied  for  the  entire  load 
cycle  whereas  it  is  only  applied  for  an  instant  for  the  triangular 
loading.  The  duration  of  the  higher  magnitude  portion  of  the 
load  apparently  dominates  the  behavior. 

As  previously  pointed  out,  actual  loading  of  airport  pave¬ 
ments  includes  a  relatively  long  rest  period  as  part  of  the 
loading  cycle.  Decker  reports  on  a  number  of  fatigue  studies 
which  included  a  rest  period  within  each  load  cycle.  In 
general,  the  longer  the  rest  period,  the  higher  the  fatigue  life 
until  a  maximum  beneficial  rest  period  is  reached.  Further 
lengthening  of  the  rest  period  beyond  this  maximum  beneficial 
period  has  no  influence  on  fatigue  life.  This  maximum  beneficial 
rest  period  is  a  function  of  stress  magnitude,  load  period,  and 
temperature.  In  most  cases,  the  rest  period  included  in  actual 
aircraft  loadings  of  airfield  pavements  probably  exceeds  the 
maximum  beneficial  rest  period. 

In  a  study  to  determine  the  effects  of  frequency  of  loading 
on  the  fatigue  life  of  asphalt  concrete,  Decker  reports  of 
testing  for  which  the  ratio  of  load  duration  to  rest  period  was 
held  constant  while  the  frequency  varied  from  about  1  to  40 
hertz.  The  fatigue  life  for  the  loading  fequency  of  40  hertz  was 
almost  200  times  longer  than  the  fatigue  life  at  1  hertz  fre¬ 
quency  loading.  However,  the  rate  of  loading  increased,  while 
jthe  duration  of  load  and  rest  period  decreased  as  frequency 
Increased.  Because  of  this  interdependence  of  variables,  fre¬ 
quency  of  loading  is  not  a  good  parameter  to  use. 

tThe  most  accurate  representation  of  stresses  due  to  a  moving 
heel  load  was  made  by  Van  Dijk,  et  al  (as  reported  by  Decker). 

The  shape  of  the  load  pulse  consisted  of  a  large  tensile  pulse 
between  two  small  compressive  pulses  followed  by  a  rest  period. 

The  length  of  rest  period  was  varied,  and  as  it  increased,  the 
fatigue  life  increased  considerably.  Again,  the  importance  of 
rest  periods  was  demonstrated. 

However,  to  determine  the  influence  of  aircraft  speed  on 
fatigue  life  of  asphalt  concrete  airfield  pavements,  what  is 
needed  is  fatigue  tests  to  determine  the  effect  of  load  duration. 
The  loading  cycle  should  be  similar  to  Van  Dijk's  with  a  constant 
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rest  period  (equal  to  or  greater  than,  the  maximum  beneficial 
rest  period).  Ihls  would  best  simulate  actual  field  loadings. 

In  summary,  there  is  reason  to  believe  that  the  increased 
stiffness  and  fatigue  life  of  asphalt  concrete  associated  with 
medium  and  hlg^  aircraft  speeds  probably  offset  the  hl^er  magni¬ 
tude  loads  due  to  surface  roughness.  However,  this  would  have  to 
be  verified  by  a  pareimetric  study  and  possibly  fatigue  testing  as 
described  above. 

4.  GRANULAR  MATERIAL 

The  modulus  of  elasticity  of  granular  materials  determined 
from  dynamic  tests  is  generally  higher  than  the  modulus  deter¬ 
mined  from  static  tests.  Uils  is  perhaps  best  Illustrated  by 
the  fact  that  the  dynamic  moduli  measured  for  soils  by  the  non¬ 
destructive  pavement  test  van  developed  by  the  Air  Force  are 
corrected  prior  to  using  these  values  for  static  pavement  eval¬ 
uation  (Reference  12).  Specifically,  the  correction  for 
flexible  pavement  consists  of  dividing  the  dynamic  moduli  of 
granular  base  and  subgrade  materials  by  2  to  get  equivalent  sta¬ 
tic  moduli.  (The  same  correction  is  done  for  asphalt  concrete, 
but  for  PCC  the  measured  values  are  used  directly  since  there  is 
little  difference  between  the  dynamic  and  static  moduli.) 

Although  the  dynamic  modulus  is  significantly  higher  than  the 
static  modulus,  the  dynamic  modulus  for  clean  sands  and  gravels 
appears  to  be  Independent  of  load  duration  and  rate  of  loading. 
Apparently  a  slow  deformation  (creep  phenomenon)  develops  in  the 
course  of  a  static  test;  once  testing  is  in  the  dynamic  range, 
however,  the  response  of  the  material  is  no  longer 
time-dependent.  Allen  [as  reported  by  Chou  (Reference  15)]  found 
that  the  resilient  response  of  well-graded  granular  materials  is 
independent  of  stress  duration,  and  concludes  that  any  pulse  dura¬ 
tion  in  the  range  of  those  applied  to  pavements  by  wheel  loads 
moving  at  speeds  of  15  to  70  miii  could  be  used  for  testing. 

Wlgnot,  et  al  (Reference  2)  also  conclude  that  the  dynamic  beha¬ 
vior  of  granular  materials  is  relatively  independent  of  duration 
and  frequency  of  loading. 

Parker,  et  al  (Reference  9)  have  developed  a  laboratory  pro¬ 
cedure  for  determining  the  resilient  modulus  and  Poisson's  ratio 
using  a  cyclic  trlaxlal  test.  The  procedure  uses  a  repetitive 
stress  similar  to  that  encountered  in  a  base  course  layer  in  a 
pavement  structure  under  a  moving  wheel  load.  Ihe  recommended 
load  duration  of  0.1  to  0.2  second  (haverslne  wave  form) 
corresponds  to  aircraft  speeds  of  about  30  to  120  mph  (depending 
on  A ) ;  the  recommended  cycle  duration  of  3  seconds  provides  a 
rest  period  between  stress  pulses. 

Since  it  is  impossible  to  duplicate  field  conditions  in  the 
laboratory,  field  measurements  for  dynamic  modulus  and  Poisson's 
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ibtio  are  preferred.  (This  is  especially  true  for  rapid  runway 
mpair  since  unconventional  construction  methods  are  used.) 

Field  vibratory  testing  techniques  for  dtermining  the  dynamic 
modulus  of  elasticity  and  Poisson's  ratio  are  referenced  by  Chou 
(Reference  15). 

Vibratory  testing  does  not  directly  simulate  aircraft  traffic 
l^oads  since  the  latter  are  separate  load  pulses  whereas  the 
former  uses  a  sustained  vibration.  Mass  and  damping  effects  have 
more  influence  for  sustained  vibration  but  become  insignificant 
for  single  pulse  loadings.  However,  Heukelora  and  Foster 
(Reference  11)  have  shown  that  the  modulus  measured  from 
sustained  vibrations  is  equal  to  the  modulus  associated  with 
traffic  loadings  within  20  percent.  Several  investigators  have 
shown  good  correlations  between  field-measured  strains  under 
moving  wheel  loads  and  computed  strains  using  dynamic  material 
properties  measured  from  field  vibratory  testing  techniques 
(References  15,  20,  and  9). 

Based  on  extensive  field  tests,  Heukelom  and  Klomp  (Reference 
6)  developed  a  correlation  between  the  dynamic  modulus  and  CBR  as 

E  (in  psi)  =  1500  CBR  (7) 

The  use  of  Equation  (7)  is  not  recommended,  however,  since  com¬ 
puted  dynamic  moduli  can  range  from  50  percent  to  as  high  as  200 
ipercent  of  the  actual  measured  values.  Chou  (Reference  15) 
suggests  that  the  poor  correlations  between  dynamic  modulus  of 
ilasticity  and  CBR  is  because  the  CBR  test  produces  plastic  as 

tell  as  elastic  responses.  Similarly,  static  plate  bearing  test 
esults  cannot  be  used  for  dynamic  evaluation  of  pavements. 

In  summary,  the  dynamic  modulus  of  granular  materials  is 
relatively  independent  of  rate  and  duration  of  loading.  If 
possible,  field  testing  should  be  used  to  determine  the  dynamic 
modulus  and  Poisson's  ratio. 

5.  SUBGRADE  SOILS 

The  dynamic  response  of  cohesive  and  cohesionless  subgrade 
soils  is  similar  to  granular  materials  in  that  the  dynamic  modu¬ 
lus  is  considerably  higher  than  the  modulus  measured  from  static 
tests.  For  example,  Parker,  et  al  (Reference  9)  reported  static 
moduli  of  1850  and  1600  psi  as  compared  to  resilient  moduli  of 
7,500  and  13,000  psi  for  a  high-plasticity  clay  and  low-plasticity 
clay,  respectively. 

But  cohesive  soils  differ  from  granular  soils  in  that  dynamic 
moduli  are  sensitive  to  rate  and  duration  of  loading.  Wignot,  et 
al  (Reference  2)  report  test  results  for  the  complex  modulus  of  a 
silty  clay  subgrade  at  different  loading  frequencies.  At  90  per¬ 
cent  saturation,  the  complex  moduli  of  the  soil  were  2,000, 


3,500,  and  6,200  psl  at  frequencies  of  0.16,  1.6,  and  16  hertz 
respectively.  For  cohesionless  soils,  frequency  of  loading  has 
less  influence  on  the  modulus. 

Parker,  et  at  (Reference  9)  developed  a  laboratory  test  to 
determine  the  resilient  modulus  and  Poisson's  ratio  for  subgrade 
soils.  The  test  is  similar  to  the  one  briefly  discussed  for  gran¬ 
ular  soils.  Instead  of  using  the  load  duration  and  frequency 
given  by  Parker,  et  al  it  is  suggested  that  these  be  varied  since 
subgrade  soils  are  sensitive  to  frequency  of  loading.  In  this 
way,  test  results  can  be  used  to  determine  pavement  response  for 
different  aircraft  speeds. 

Since  the  modulus  and  Poisson's  ratio  of  the  subgrade  have 
such  a  strong  influence  on  paveoient  response,  field  testing  is 
preferred  over  laboratory  testing.  This  is  especially  true  for 
rapid  runway  repairs  since  the  condition  of  the  subgrade  is  so 
variable  (uncompacted  bomb  damage  debris).  Field  vibratory 
testing,  as  referenced  by  Chou  (Reference  15)  and  briefly 
discussed  for  granular  materials,  can  provide  the  dynamic  modulus 
and  Poisson's  ratio. 


SECTION  VI 


CONCLUSIONS 


Based  on  the  results  of  this  investigation,  the  following 
conclusions  are  noted: 

1.  The  response  of  stiff  pavements,  i.e.,  rigid  pavements 
and  flexible  pavements  at  low  temperatures,  is  primarily  elastic; 
flexible  pavement  at  higher  temperatures  exhibits  significant 
inelastic  as  well  as  elastic  behavior  at  slow  aircraft  speeds, 
but  the  inelastic  behavior  becomes  insignificant  at  higher 
aircraft  speeds.  Large  dynamic  loads,  however,  may  yield  signi¬ 
ficant  inelastic  responses  at  higher  aircraft  velocities  due  to 
lack  of  compaction  in  the  subgrade. 

2.  A  static  analysis  can  be  used  to  obtain  the  response  of 
pavement  for  dynamic  loadings  if  appropriate  dynamic  moduli  and 
limiting  fatigue  values  corresponding  to  dynamic  loading  are  used 
for  material  properties  in  the  analysis.  The  mass  and  damping 
effects  are  not  included  using  this  method,  but  it  has  been  shown 
that  these  effects  have  little  influence  on  dynamic  pavement 
response. 


3.  Based  on  the  literature  cited,  the  modulus  of  elasticity, 
Poisson's  ratio,  and  the  fatigue  strength  of  Portland  Cement 
Concrete  are  relatively  independent  of  rate  and  duration  of 
loading,  and  therefore,  the  usual  static  values  for  these  pro¬ 
perties  would  be  used  for  a  dynamic  analysis.  However,  since  the 
modulus  of  rupture  of  concrete  is  substantially  higher  for  faster 
rates  of  loading,  a  rupture  failure  of  concrete  pavement  due  to 
large  dynamic  loads  at  medium  and  high  aircraft  speeds  is 
unlikely . 


;  4.  The  increased  stiffness  and  longer  fatigue  life  of 

asphalt  concrete  for  medium  and  high  aircraft  speed  loadings  pro¬ 
bably  offset  the  larger  magnitudes  of  these  loadings  occuring  due 
to  surface  roughness. 


5.  The  properties  of  granular  base  and  subbase  materials 
should  be  determined  from  dynamic  testing  since  static  tests 
would  yield  values  too  low  for  dynamic  pavement  analysis.  The 
dynamic  properties,  however,  are  relatively  insensitive  to  rate 
and  duration  of  loading;  i.e.,  the  response  of  these  material, s 
would  not  be  dependent  on  aircraft  velocity. 

6.  The  response  of  subgrade  soil,  especially  cohesive  soils, 
depends  on  aircraft  speed.  Therefore,  the  elastic  properties  of 
the  subgrade  must  be  determined  at  various  loading  frequencies 
(i.e.,  various  rates  and  durations  of  loading)  to  determine  dyna¬ 
mic  pavement  response  associated  with  various  aircraft  speeds. 
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SECTION  VII 


RECOMMENDATIONS 


1,  A  parametric  study  should  be  considered  to  determine  the 
Influence  of  dynamic  loads  of  various  magnitudes  at  various 
aircraft  speeds  on  the  response  of  pavements.  Using  the  approach 
outlined  in  this  report,  one  of  the  sophisticated  computer  codes 
(such  as  PREDICT)  currently  available  can  be  used.  Design  curves 
can  then  be  developed  which  would  not  only  be  useful  for  predi¬ 
cting  pavement  response  for  large  dynamic  loads  but  would  also  be 
of  benefit  in  designing  and  analyzing  rapid  runway  repairs  for 
the  creep-speed  field  test  program. 

2.  Because  of  the  unusual  nature  of  the  subgrade  for  rapid  run¬ 
way  repairs  (uncompacted  bomb  damage  debris)  and  because  the 
behavior  of  the  subgrade  plays  such  a  dominant  role  in  the 
response  of  pavement,  field  tests  should  be  considered  to  deter¬ 
mine  the  dynamic  properties  of  the  subgrade.  Dynamic  properties 
of  the  subgrade  are  needed  to  determine  the  response  of  pavement 
to  large  dynamic  loads  at  higher  aircraft  speeds  and  also  to  pro¬ 
vide  for  more  accurate  design  and  analysis  for  the  creep-speed 
field  test  program.  The  literature  survey  also  should  be  con¬ 
tinued  before  specific  field  testing  is  recommended. 

3.  The  dynamic  properties  and  fatigue  strength  of  polymer 
concrete  should  be  investigated  for  fatigue  testing,  the  load 
cycle  should  incorporate  an  appropriate  rest  period  in  order  to 
accurately  simulate  traffic  loading  on  airfield  pavements. 
(Similarly,  fatigue  testing  which  includes  a  rest  period  in  each 
loading  cycle  should  also  be  done  for  Portland  Cement  Concrete.) 

4.  This  report  has  not  considered  the  influence  of  horizontal 
loads  on  the  dynamic  response  of  pavements.  For  unsurfaced  bomb 
damage  repairs,  horizontal  wheel  loads  increase  with  aircraft 
velocity,  and  therefore  would  influence  the  dynamic  response  of 
the  repair  at  higher  aircraft  speeds. 
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